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(54) Mode coupling optical waveguide grating 

(57) Reflective mode coupling refractive index grat- 
ings are disclosed. The gratings can couple light of 
wavelength X,- in a fundamental spatial mode of the 
waveguide (e.g., LP 01 ) to a reflected higher order spatial 
mode (e.g., LP n ), substantially without reflection of any 
light of wavelength ^ * ^ in a spectral range &\ <= 0.01 
k v The mode coupling gratings (MCGs) can find a vari- 
ety of uses in optical waveguide systems. Exemplarily, 
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an MCG can serve as a wavelength-dependent loss el- 
ement with abrupt (e.g., -1 nm) spectral dependence. 
However, a chirped grating with or without strength mod- 
. ulation can yield an MCG having relatively wide spectral 
dependence, including variable loss over a relatively 
wide (e.g., - 10 nm) spectral range. Both types of MCGs 
are advantageously used in, for instance, optical 
waveguide amplifiers. 
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Description 

Field of the Invention 

This invention pertains to optical waveguide grat- 
ings : more specifically, to articles and systems (collec- 
tively "articles") that comprise a mode coupling 
waveguide grating, exemplarily a multi-wavelength op- 
tical communication system. 

Background of the Invention 

In a variety of optical communication systems, an 
optical fiber simultaneously carries electromagnetic ra- 
diation of a plurality of different wavelengths. Among 
such systems are wavelength division multiplexed 
(WDM) systems. In WDM systems it is. for instance, fre- 
quently required to add a transmission channel onto the 
fiber and/or to selectively remove a channel from the fib- 
er. Both functions usually have to be performed at a plur. 
rality of locations along the transmission path." common- 
ly known as access points or nodes. Channels are add- 
ed for transmission and removed at the destination. 

As disclosed in patent application Serial No. 
08/712,697, a particularly advantageous add/drop mul- 
tiplexing device is an all-fiber device that comprises a 
mode discriminating coupler (MDC) and at least one im- 
proved mode coupling grating (MCG). MDCs and MCGs 
as such are known. See : for instance, U.S. patent No. 
4,828,350 ('350) regarding MDC, and U.S. patent No., 
5,104,209 ('209) regarding a prior art MCG. See also 
US patent 5.216 : 739 ; a continuation-in-part of the '209 
patent 

Fig. 11 of the '350 patent, together with associated 
text at columns 13-15, discloses a combination of an 
MDC (814: referred to as a "mode selector") and an 
MCG (820: referred to as a "grating reflector"), the latter 
as described in U.S. patent No. 4,986,624. Briefly, the 
grating reflector comprises a mechanical grating that is 
urged against a planar surface of an appropriately pre- 
pared optical fiber such that the grating is within the ev- 
anescent field of the fiber. Such a grating reflector has., 
shortcomings. For instance, it will exhibit undesirable 
polarization dependence : is typically difficult to manu- 
facture and. in consequence of its non-integrated struc- 
ture: will generally have relatively low reliability. Finally, 
it will typically be subject to unwanted reflections : ol the 
type that will be described below. 

According to '350 : Fig. 1 1 depicts a system that sep- 
arates light of a particular wavelength, e.g. , , from light 
at wavelengths X v k 2 , .... /. N . The inventors thus con- 
sidered the system capable of performing the drop func- 
tion in a WDM optical fiber communication system. 

The '209 patent discloses blazed optical fiber grat- 
ings that can act as mode converters that exemplarily 
convert LP 0l radiation of a given wavelength \ to LP n 
radiation of the same wavelength, with the two modes 
propagating in the same direction The patent discloses 


that such "transmissive" LP 01 /LP n mode converters 
have a complicated spectral response with many peaks, 
and that single peak spectral response requires two- 
mode fibers in which the higher order mode has only 
s one mode constituent. The '209 patent teaches that this 
can be accomplished by means of a special two-mode 
fiber, e.g., a fiber having an elliptical core. In the alter- 
native, it is taught that transmissive LP 01 /LP 02 mode 
conversion, with LP 02 being a single mode, can provide 
10 single peak response. The gratings of the '209 patent 
are formed by line^by-line exposure of the fiber to UV 
radiation through a slit in a mask. The slit was 12 jam 
wide, and angled at an angle 9 in the range 2-3° with 
respect to the fiber axis. The gratings thus were blazed 
*5 long period (transmissive) gratings. 

As had been observed by the inventors of the '209 
patent, the transmissive LP 01 /LP n mode converter of 
that patent had a complicated wavelength spectral re- 
sponse. This is because the two degenerate compo- 
se nents of the LP n mode couple differently. Such a re- 
sponse would severely reduce the usefulness of a mode 
converter in a WDM or other multi-wavelength system. 
The solutions proposed by the inventors of'209, namely, 
use of a fiber with elliptical core, or use of a LP 01 /LP 02 
2S mode converter, have drawbacks. For instance, such el- 
liptical fiber is not generally available and, in any case, 
would be expensive, and a LP 01 /LP 02 MCG typically is 
less useful in a multi-wavelength system than a LP 01 / 
LP n MCG because the greater number of modes typi- 
30 cally leads to additional reflections at other wave- 
- lengths. 

.Accordingly, in multi-wavelength optical waveguide 
systems there is a need for a relatively inexpensive 
MCG that does not suffer from the drawbacks of prior 
35 art- MCGs. Indeed, such a component would have a va- 
riety of uses in optical waveguide systems. This appli- 
cation discloses such a MCG. 

R Kashyap et al., Electronics Letters. Vol. 29(2); p. 
154 (Jan. 1993) disclose an erbium doped optical fiber 
^0 amplifier that uses a blazed grating in single mode fiber 
as a wavelength selective loss element. 

C.-X. Shi et al.. Optics Letters. Vol. 17(23), p. 1655 
(Dec. 1992) give theoretical .results for a LP 01 /LP 02 re- 
flective mode coupling grating. 
45 T. Erdoqan et al. ; J. Optical Society of America. Vol. 
1 3(2), p. 296 (Feb. 1 996) provide a review of blazed fiber 
phase gratings in single mode fiber. 

US patent 5.048,913 discloses an optical 
waveguide mode discrimination filter that comprises an 
so unblazed grating. 

Glossary and Definitions 

The spatial modes of the electromagnetic field in an 
55 optical waveguide will herein be designated in the con- 
ventional manner. For instance, the spatial modes in a 
conventional (i.e.. circularly symmetric) optical fiber will 
be designated LP 01 LP 1I: LP 02 with LP 01 
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being the fundamental mode. LP n the first higherorder 
mode. etc. - 

The modes in waveguides other than (circularly 
symmetric) optical fibers (e.g. T planar waveguides) will, 
if required, also be designated in conventional manner. 

For ease of exposition, the LP 01 mode will be des- 
ignated "(0.1)'. theLP^ mode will be designated "(1,1) 
and in general the LP m n mode (m > 0, n > 1) will be 
designated "(m, n)". 

The electromagnetic radiation of interest herein will 
frequently be referred to as "light", although the radiation 
typically is infrared radiation. This is for ease of exposi- 
tion only, and does not imply any wavelength restriction. 

By "optimal coupling" between two spatial modes, 
e g. (0,1)and(m.n)ata given wavelength (e.g., ^ here- 
in is meant the maximum possible amount of coupling 
between the modes for a given periodic index -modula- 
tion. 


Summary of the Invention 

The invention will be described in terms appropriate 
for a particular type of optical waveguide, namely, con- 
ventional optical fiber. However, those skilled in the art 
will recognize that the invention is not limited to such 
optical fiber, but can readily be embodied in other guid-' 
ing structures, e.g., in planar waveguides having sub- 
stantially rectangular core cross section. Such 
waveguides typically have optical properties that are po- 
larizatron dependent (i.e., dependent on the orientation ; 
of the electric field vector). Such a waveguide has a fun- 
damental mode that is symmetric (designated TX^, 
where X = E or M : depending on polarization), as well 
as higher order modes (TE 0l or TM 01 , for example). My 
invention is directly applicable to such a waveguide 
structure, as the problems and solutions for mode con- 
version in such a waveguide structure are substantially 
the same as in the optical fiber case, described in detail 
below. 

I have discovered a significant shortcoming of, at 
least, conventional MCGs for coupling an even and an 
odd spatial mode of an optical waveguide, exemplarily 
an optical fiber Such MCGs, for efficient coupling : al- 
most by necessity have a blazed grating. The shortcom- 
ing reveals itself in WDM systems (more generally in 
MCGs that are during operation exposed to electromag- 
netic radiation of two or more relatively closely spaced 
wavelengths) and has the potential of making impracti- 
cal the use of. otherwise advantageous, MCGs in such 
multi : wavelength systems. 

I have observed that the presence of radiation of 
several wavelengths (e.g.. ). v ^ X N , N > 2) in a rel- 
atively narrow wavelength region AX (exemplarily <; k A / 
100) in a MCG can result in additional and undesirable 
mode coupling. For instance, a blazed grating of a par- 
ticular pitch A and blaze angle e may facilitate not only 
the desired coupling between the (0, 1 ) and (1,1) modes 
at a predetermined wavelength X ; but also undesired 


coupling between forward and backward propagating 
(0,1) modes (i.e.. reflection) at Xj (i not equal to j, both i 
and j in 1 .2....N). Such a situation would typically be un- 
acceptable in, e.g., a WDM communication system. 
$ I have not only recognized a, apparently previously 

unrecognized, problem but have also found a way to 
overcome the problem, as will be described in detail be- 
low. 

In a broad aspect the invention is embodied in a 
10 novel blazed MCG that, upon exposure to the requisite 
light, not only causes efficient reflective coupling of the 
(0,1 ) spatial mode and a higher order spatial mode (m. 
n), advantageously (1 , 1 ), at ^ but causes relatively low 
(desirably substantially no) reflection of (0,1) at any 
'5 wavelength Xj within the spectral range AX that includes 

More specifically, the invention is embodied in an 
article that comprises an optical waveguide adapted for 
guiding light of at least two wavelengths (^ and X;) in a 
20. spectral region of spectral width AX. The optical 
waveguide comprises a length of multimode (exempla- 
rily dual mode) waveguide. The multimode waveguide 
comprises a blazed refractive index grating of pitch a 
and blaze angle 9 : with A and 6 selected such that the 
2* grating causes coupling between the (0,1) and (m : n) 
modes, exemplarily (1 , 1 ), at X^. 

Significantly' the blazed grating is a short period 
grating, with A < 1um 9 greater than 9 0 , where 9 0 is the 
blaze angle that provides optimal coupling between the 
^o (0,1 ) arid (m,h) modes for light of wavelength X { ; and 9 
furthermore is selected such that the grating causes 
substantially (e.g., at least 50%) less, preferably sub- 
stantially no (e.g., at least 90% less) reflection of funda- 
mental mode light of wavelength >^ than is caused by 
3$ an, otherwise identical, comparison grating having 9=9 0 . 
It will be appreciated that gratings according to the in- 
vention are reciprocal elements, i.e.. can couple (0, 1 ) to 
(1,1), as well as (1,1) to (0,1). 

The spectral region of width AX is the spectral region 
-*o in which the unwanted" reflections are of concern. In 
most cases AX ^ Xj /100 (X f is any one of the wave- 
lengths in AX). In a dual mode fiber with composition 
comparable to that of conventional communications fib-, 
er AX can be about 2 nn% but in specialty fibers it can 
be as large asjo nm at 1550 or 1300 nm. 

MCGs according to the invention are expected to * 
be useful in many cases that involve exposure of a MCG 
to light of two or more wavelengths, but may of course 
also be used in single wavelength systems 

so 

Brief Description of the Drawings 


55 


FIG. 1 shows the phase matching condition for a 
prior art transmissive mode converter: 
FIGS. 2-3 show phase matching conditions for re- 
flective MCGs according to the invention: 
FIGS. 4a-h show data of normalized transmission 
through nominally identical (except for tf) reflective 
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MCGs, as a function of wavelength, for different val- 
ues of 8: 

FIG. 5 presents exemplary data on the Reflective 
Integrated Coupling Constant (ICC R ) and Mode 
Conversion Integrated coupling constant (ICC MC ) 
as a function of blaze angle: 

FIG. 6 shows the data of Fig. 5 as ICC MC /ICC R vs. 6; 
FIG. 7 schematically illustrates aspects of an MCG; 
FIG. 8 schematically depicts a relevant portion of 
an optical fiber communication system that com- 
prises an MCG according to the invention: 
FIGs. 9 and 10 show schematically respective ex- 
emplary optical waveguide systems that comprise 
an MCG according to the invention: and 
FIG. 11 schematically shows an exemplary complex 
transmission spectrum of a MCG wavelength-de- 
pendent loss element according to the invention. 

Detailed Description 

FIG. 1 illustrates the operational principle of the pri- 
or art transmissive MCG of the '209 patent. As is well 
known, the propagation constant P mn of a (m,n) mode 
is equal to 2nn ef1 /X, where n eff is the effective refractive 
index of the (m,n) mode, and X is the wavelength. The 
quantity 2rc/A.of FIG. 1 is equal to P 01 - p iv This deter- 
mines the pitch of the grating that provides (0,1)/(1,1) 
transmissive conversion. The effective refractive index 
of a given spatial mode at a given frequency can readily 
be computed by means of a known algorithm. See, for 
instance, T. Lenahan, Bell System Technical Journal , 
Vol. 62, p. 2663 (1983). 

FIG. 2 illustrates the principle of the reflective MCG 
of the instant invention. The grating pitch is chosen such 
that (2rc/A) = P01 + Piv witn tne propagation constants 
determined as above. In both cases a predetermined 
wavelength is assumed. Positive p applies to light prop- 
agation in one direction, and negative P to light propa- 
gation in the opposite direction. 

FIG. 3 illustrates the principle of the reflective MCG 
of the invention in the.case of exposure of the grating to 
two different wavelengths \ and Aj within AX. Unprimed 
parameters refer to X v primed parameters to X^, In FIG. 
3 it is assumed that p 01 + p n = 2P 01 . Therefore 2it/A = 
2k/\\ and the grating with pitch A- not only causes, re- 
flective inter-mode coupling between p 01 and -p-,-, at X- v 
but also reflective coupling at X^ between p Q1 and -p 01 . 
As those skilled in the art will appreciate, the condition 
Poi + Pn = 2P 0l will typically be met for conventional 
waveguides if both X x and >.j are in the wavelength region 
AX. Thus, the described undesirable and unintended re- 
flection at a different wavelength can be expected to oc- 
cur in most, if not all, multiwavelength systems, possibly 
making conventional MCGs unacceptable in many 
WDM and other multiwavelength optical systems. 

Fortunately, and surprisingly, I have found that for 
a grating of pitch A in a given multimode fiber there will 
substantially always exist a blaze angle 9 that not only 


yields efficient (though generally not optimal) (0,1)/(m. 
n) coupling at ^ but also yields low (possibly and pref- 
erably essentially zero) (0,1) reflection at X y The blaze 
angle 6 is generally greater than B Q , the blaze angle of 
s an otherwise identical comparison grating that gives op- 
timal coupling at \, without consideration of coupling at 

The reflective MCG of this invention does not sub- 
stantially suffer from the complicated spectral response 

10 of the transmission prior art mode converter. In the latter, 
small variations of the propagation constant p mn (as re- 
sult from mode degeneracy, as exhibited by (1 , 1 )) result 
■ in a relatively large change in the phase matching con- 
dition (i.e. in A = 2ti/(P 01 - p mn )), whereas in a reflective 

is MCG according to the invention smalt variations of p mn 
result in relatively small changes in the phase matching 
condition (i.e. in A = 2k (P 01 + P mn )). Specifically, in a 
reflective (0, 1 )/(1 , 1 ) MCG according to the invention the 
variations due to (1,1) mode degeneracy typically are 

20 . so small as to be nearly indistinguishable. 

A further advantageous feature of reflective MCGs 
according to the invention is their relatively strong wave- 
length dependence, which can provide a sharp spectral 
response that can facilitate discrimination among close- 
rs ly spaced (^-1 nm) channels, e.g., in WDM communica- 
tion systems. The strong wavelength dependence is a 
consequence of the phase matching condition's de- 
pendence on the sum of the two relevant propagation 
constants. On the other hand, the phase matching con- 

30 dition of the prior art (transmissive) mode converter de- 
pends on the difference between the two relevant prop- 
agation constants, and typically is relatively weakly 
wavelength dependent. 

Reflective MCGs according to the invention are also 

35 substantially free of the previously recited shortcomings 
of the reflective gratings of '624. For instance, the MCG 
according to the invention is substantially polarization- 
. independent, and is a readily manufacturable, robust in- 
tegrated structure that can provide high reliability. Final- 

40 |y. the inventive MCGs are, by definition, substantially 
free of the unwanted reflections that are a feature of the 
prior art devices. 

Although it is possible, at least in principle, to deter- 
mine the appropriate value of the blaze angle 9 by cal- 

•*5 culation (exemplarily using the method of Lenahan, op. 
cit.), the appropriate blaze angle currently typically is 
most advantageously found by a process of successive 
approximation, illustrated by FIGS. 4a-h. The main rea- 
son for preferring successive approximation of 6 to de- 

50 termination of 9 by calculation is found in, essentially 
unavoidable, manufacturing imperfections, e.g., grating 
imperfections (e.g.; small variations in refractive index 
difference An across the core) that can have a relatively 
large effect on 9. but that would at best be difficult to 

55 determine quantitatively, and to account for in a calcu- 
lation of 9. A currently preferred practical approach com- 
prises calculation (or estimation) of a starting blaze an- 
gle (e g. : of B 0 ). followed by experimental determination 
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(e.g.. by making a series of gratings of increasing blaze 
angle, and measurement of the spectral properties of 
the gratings) of the appropriate 6. 

FIGS. 4a-h illustrate the evolution of the normalized 
transmission spectrum of exemplary gratings in dual i 
mode fiber as a function of blaze angle. The fiber was 
a dual mode germano-silicate fiber having ^n = 0. 5 1 and 
cut-off wavelength 1750 nm. The gratings were nomi- 
nally identical except for the blaze angle, with essentially 
identical grating length and total UV exposure for all ?< 
gratings. The short wavelength, broadband loss is the 
known radiation mode loss which is present in all UV- 
induced Bragg gratings. The long-wavelength dip in the 
spectra corresponds to the reflective (0,1)/(0,1) mode 
conversion, and the dip at intermediate wavelength cor- u 
responds to the reflective (0,1)/(1.1) conversion. The 
fine structure observed on the short wavelength side of 
each of the reflections are Fabry-Perot resonances that 
can be reduced or eliminated by appropriate apodiza- r 
tion of the grating over its length, as is known to. those 20 
skilled in the art. FIGS. 4a-h clearly show that e o for the 
exemplary grating is about 3.5°, and that 6 = 6.5° pro- 
vides essentially complete elimination of (0.1)/(0,1) re- 
flective conversion. 

FIG. 5 shows exemplary data on coupling strengths 25 
as a function of blaze angle, for a multitude of gratings 
in the fiber, and using the exposure conditions of FIG. 
4. Reflective Integrated Coupling Constant (ICC R ) 
(curve 50) pertains to the (0, 1 )/(0, 1 ) coupling strength, 
and Mode Conversion Integrated Coupling Constant 30 
( icc mc) (curve 51) pertains to the (0,1)/(1,1) coupling 
strength. As can be readily seen, maximum (ICC MC ) oc- 
curs at a value of 9 less than the value that provides 
minimum ICC R . The coupling constants are convention- 
ally determined by means of the expression ICC = tan 35 
h' 1 (Ft 1 ' 2 ), where R is the maximum reflectivity of a grat- 
ing. 

FIG. 6 shows the data of FIG. 5 in the form of the 
ratio ICC MC /ICC R vs e. The figure illustrates the fact that 
the discrimination against (0.1)/(0 ; 1) reflection is a *o 
strong function of blaze angle, with as little as 0.1° 
change in the blaze angle having significant effect on 
the strength of (0,1)/(0.1) coupling. As those skilled in 
the art will appreciate, the exact shape of curve 51 and, 
especially curve 50 is dependent on fiber design and *s 
wavelength. However, the approximate shape of the 
curve of FIG. 6 is expected to be widely applicable to 
optical fibers. Similar curves will be found for other op- 
tical waveguides. 

FIG. 7 schematically depicts an exemplary MDC ac- so 
cording to the invention, wherein numeral 70 refers to a 
dual mode optical fiber, exemplarily having a Ge-doped 
silica core surrounded by silica cladding, and numeral 
71 refers to the blazed refractive index grating. The grat- 
ing is indicated in conventional fashion by a set of basi- ss 
cally transverse lines. This does not imply the existence 
of refractive index variations in the fiber cladding. FIG 
7 also indicates the grating repeat distance A and the 


blaze (or tilt) angle e. 

FIG. 8 schematically depicts a relevant portion of 
an exemplary optical waveguide system that comprises 
an MCG according to the invention, wherein the MCG 
' serves as a wavelength-dependent loss element. (0.1) 

light of wavelengths X v ^ X N propagates through 

single mode fiber 81 to dual mode fiber 83. wherein a 
fraction x of (0.1) A., light is reflected by blazed grating 
84 as (1 , 1 ) X, . The reflected light thus is in an odd spatial 
? mode, with zero net overlap with the even spatial mode 
of the single mode fiber 81 . and therefore will have sub- 
.stantially no coupling to this fiber, and be lost from the 
fiber within a distance of centimeters. Single mode fiber 
82 is spliced to the dual mode fiber and receives essen- 

; tially unattenuated (0,1) light of wavelengths 

X N ; as. well as the remaining fraction (1-x) of (0,1) k v 
The fraction x of reflected light is readily controllable 
through choice of grating strength. 

FIG. 9 schematically shows an exemplary optical 
waveguide system that comprises an MCG according 
to the invention. 

• Optical fiber communication systems with co- and 
counter-pumped optical fiber amplifier are known, in- 
cluding such systems that use separate laser diodes for 
co- and counter-pumping. This is in principle a very de- 
sirable arrangement, especially for high output power 
optical fiber amplifiers. However, the arrangement is 
subject to mode beating instabilities in the wavelength 
and intensity of the pump lasers, and therefore of the 
amplifier output, due to pump crosstalk problems 
caused by unabsorbed pump radiation from one pump 
.laser interacting with the other pump laser. The conven- 
tional solution to this problem is provision of optical iso- 
lators, typically between pump lasers and the respective 
fiber couplers. However, optical isolators have signifi- 
cant insertion loss, and are relatively costly. A more ad- 
vantageous solution is provided by means of MCGs, as 
is shown schematically in FIG. 9, wherein numeral 90 
refers to a WDM optical fiber communication system 
(wavelengths \ v ^ )^) with co- and counter- 
pumped optical fiber amplifier. Numerals 91-94 refer to, 
respectively, a multiwavelength transmitter, multiwave- 
length receiver, conventional single mode optical trans- 
mission fiber, and amplifier fiber (e.g., Er-doped fiber). 
Numeral 95 refers to conventional fiber couplers (fre- 
quently referred to as "WDMs"). 96 and 97 refer to diode 
pump lasers (wavelengths X pl and A p2 , respectively), 
and 98 and 99 refer to MCGs according to the invention. 
Pump wavelengths ^ and k p2 are closely spaced (e. 
g.. - 1 nm) but different. MCG 98 passes X p1 radiation 
toward the amplifier fiber with minimal loss but offers 
high transmissive loss for X p2 radiation propagating to- 
wards laser 96. and MCG 99 performs analogously The 
MCGs thus prevent inter-laser interaction. 

MCGs are advantageously used as indicated above 
because of their ability to offer a high (e.g., T < -20 dB) 
transmissive loss with minimal (e g.. R < -20 dB) back 
reflection at one wavelength (e g.. /. pt ). with minimal (e. 
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g., <0.2 dB) insertion loss at a closely spaced (e.g.. — 
1 nm) different wavelength (e.g., /^ 2 ). Thus, both /. pl 
and X p2 can be within about 1 nm of the wavelength that 
gives optimum amplifier performance. This can be a sig- 
nificant advantage for at least some optical fiber ampli- 
fiers, e.g., for amplifiers with strong spectral depend- 
ence of the absorption. It will be appreciated that system 
90 is not necessarily a WDM system, and that the MCGs 
could also be advantageously used in a single channel 
system. 

FIG. 10 schematically depicts an exemplary optical 
fiber communication system 1 00 with dual stage optical 
amplifier, with MCG wavelength-dependent loss ele- 
ment 103 provided for gain flattening. Like numerals in 
FIGs. 9 and 10 refer to (ike features. Numerals 101 and 

1 02 refer to the first and second optical amplifier stages, 
respectively. If desired, MCGs corresponding to ele- 
ments 98 and 99 of FIG. 9 could be inserted in fibers 
104 and 105, respectively. Typically it will be desirable 
to provide an optical isolator between stages of the am- 
plifier to prevent ASE amplification. Exemplarily an iso- 
lator (not shown) is placed between elements 101 and 

103 in FIG. 10. 

As is well known, optical fiber amplifiers (e.g., Er- 
doped fiber amplifiers) typically do not have flat gain 
over the spectral range of interest, and gain flattening 
elements such as tilted Bragg gratings, long period grat- 
ings or thin film filters are frequently provided. 

I have found that one or more MCGs according to 
the invention can advantageously be used to flatten the 
gain of a (single or multistage) optical fiber amplifier. For 
instance, if the gain spectrum of an amplifier has sharp 
spectral features an MCG loss element as described 
above can be used advantageously, since such a loss 
element can have sharper (eg, — 1 nm) spectral re- 
sponse than is typically attainable with prior art gain flat- 
tening elements. On the other hand, an appropriately 
chirped MCG (i.e., an MCG having axially varying grat- 
ing spacing A(z), where z is the axial coordinate), with 
or without axially modulated strength of the grating ele- 
ments (i.e., the peak-to-valley periodic refractive index 
change An = An(z)) can have a complex transmission 
spectrum, with variations over a relatively wide spectral 
region (e.g., several tens of nm). By appropriate choice 
of grating parameters, including A(z) and An(z), it is pos- 
sible to provide a MCG wavelength-dependent loss el- 
ement having a transmission spectrum that is substan- 
tially the inverse of the amplifier gain spectrum, such 
that the amplifier output has a broader spectral region 
of uniform gain. 

FIG. 11 schematically depicts an exemplary ampli- 
fier gain spectrum 110 and an exemplary transmission 
spectrum 111 of an appropriately chirped and index 
modulated MCG. 

Example 

A dual mode germano-alumino-silicate fiber with An 


= 0.044 and cut-off wavelength. 1 750 nm was photosen- 
sitized by loading the fiber with 2.8 mol % moleculardeu- 
teri'um in conventional fashion. The fiber was exposed 
' through a phase mask for 142 seconds to a 3 mm x 0.6 

5 mm FWHM Gaussian beam from an excimer-pumped. 
frequency-doubled dye laser. The laser output was 30 
Hz at 242 nm, with a fluence of 25 mJ/pulse/cm 2 , with 
the 3 mm beam dimension aligned with the axis of the 
fiber. The zero order-nulled phase mask had a period 

to a q of 0.903u.m, with a tilt angle 9 of the grating lines that 
was varied in successive steps from normal to the fiber 
axis to 8° to the fiber axis. The transmission spectra of 
the respective gratings were determined in conventional 
fashion, yielding the results shown in FIGs. 4a-h. By 

'5 means of the successive measurements it was estab- 
lished that the optimal grating blaze angle for the par- 
ticular fiber and wavelength range was about 6° 15'. 
Within the reproducibility of fiber positioning, the period- 
ic index variation created along the length of the fiber 

20 varied with mask tilt angle 9. according to A = A^cosB. 
The grating performs as expected., including (0,1)/(1 : 1 ) 
coupling. 


25 Claims 

1 . An article comprising an optical waveguide adapted 
for guiding electromagnetic radiation of at least two 
wavelengths /.j and X| in a spectral region of spectral 
width A\ t said optical waveguide comprising a 
length of multimode optical waveguide (83), said 
length of multimode optical waveguide comprising 
a blazed refractive index grating (84) of pitch A and 
blaze angle 6, with A and 6 selected such that the 
35 grating causes coupling between a symmetric fun- 
damental spatial mode of electromagnetic radiation 
of wavelength \ and a higher order spatial mode of 
said electromagnetic radiation of wavelength A.,- : 
CHARACTERIZED IN THAT 

40 

a) the blazed refractive index grating is a short- 
period refractive index grating, with A < 1um; 

b) the blaze angle 9 is greater than 0 O , where 
G 0 is a blaze angle that provides essentially op- 
timal coupling between said symmetric funda- 
mental spatial mode and said higher order spa- 
tial mode for electromagnetic radiation of wave- 
length X y and 

c) 9 is selected such that the grating causes 
substantially less reflection of said symmetric 
fundamental mode radiation of wavelength X^ 
than is caused by an : otherwise identical, com- 
parison grating having 9 = 0 


30 
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55 2. Article according to claim 1, wherein B is selected 
such that the grating causes at least 90% less re- 
flection of said symmetric fundamental mode radi- 
ation of wavelength X y 


6 
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3. Article according to claim 1 . wherein said multimode 
optical waveguide is a multimode optical fiber, and 
said antisymmetric higher order spatial mode is a 
LP n mode. 

s 

4. Article according to claim 1 , wherein said length of 
multimode optical waveguide is a length of dual 
mode optical waveguide disposed between, and 
abuttingly connected to, a first and second single 
mode optical waveguide, and wherein said blazed w 
short-period refractive index grating is selected to 
reflect a predetermined fraction of said symmetric 
fundamental spatial mode electromagnetic radia- 
tion of wavelength Aj that propagates from said first 
single mode optical waveguide into said dual mode is 
optical waveguide in said higher order spatial mode : 

the remaining symmetric fundamental spatial mode 
electromagnetic radiation of wavelength ^ propa- 
gating from said length of dual mode optical 
waveguide into said second single mode optical 20. 
waveguide, and said reflected higher order spatial 
mode radiation propagating from said length of dual 
mode optical waveguide into said first single mode 
optical waveguide and becoming lost from the first 
single mode optical waveguide, said length of dual 25 
mode optical waveguide to be referred to as a wave- 
length-dependent loss element. 

5. Article according to claim 1 1 wherein said article is 

an optical waveguide system comprising a source 30 
of said electromagnetic radiation of wavelength A f 
and A,-, further comprising utilization means for said 
electromagnetic radiation of wavelength \ and A,-, 
and said optical waveguide radiation-transmissive- 
ly connects said source and said utilization means. 35 

6. Article according to claim 5, wherein said length of 
multimode optical waveguide is disposed between 
a first and a second length of single mode optical 
waveguide, said length of multimode optical 40 
waveguide providing a predetermined loss for elec- 
tromagnetic radiation of one of said wavelengths A, 
and Aj, and provides essentially no loss for electro- 
magnetic radiation of the other of said wavelengths 

Aj and Aj, said length of multimode optical JS 
waveguide to be referred to as a wavelength-de- 
pendent loss element. 

\ Article according to claim 1 , wherein said optical 
waveguide is optical fiber, the symmetric funda- so 
mental spatial mode is the LP 01 spatial mode, the 
higher order spatial mode is the LP n spatial mode. 
Aj is in the spectral range 900-1650 nm. and AX is 
less than about 10 nm. 

55 

. Article according to claim 4, wherein A = a(z), with 
Z being the axial coordinate of said length of multi- 
mode optical waveguide, and A(z) is non-constant 


over the length of the refractive index grating, with 
A(z) selected such that the wavelength-dependent 
loss element has substantial loss over a wavelength 
range greater than about 1 nm. 

9. Article according to claim 4, wherein a strength An 
of the refractive index grating is An(z), with z being 
• the axial coordinate of said length of multimode op- 
tical waveguide, and An(z) is non-constant over the 
. length of the refractive index grating, with An(z) se- 
lected such that the wavelength-dependent loss el- 
ement has a wavelength-dependent substantial 
: loss over a wavelength range greater than about 1 
nm. 
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